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Dillenidae. Asteridae) based on sequences of three ge lies: the two chloroplast genes nlpU and rh<\. and

somal 18S DNA. Based on the partition homogeneity te>t. Ihe three dala sets were relatively ei t (P ().!.>).

individually, the two

chloroplast sequences combined, and all three sequem es combined. Roth ingroup and outgroup

ulting from a combination of the chloroplast data and all three

data sets had the best resolution and the strongest branch support. The following higher ta>

recognized with high bootstrap values (> 90%): Eud Ha: 1 II 111 ll . 1 III ing Eupteleal

Papaverales, "core" ranunculids. a clade consisting of

ae. caryophyllids (including Sim/no: ./wot. and a-h rids. Ml ran-

idinj I donia) and Lardizahalaee.,, -J. Illielu.

daxa). formed well-supported moriopliyletic groups. ( )ther well-supported eudicot clade- were /.s/Rroleaceae.

Bu\aceae//Wiwe/e.v, Trochodendraceae/Tetracentracea e, and a group with poor internal resolution

m llamamelidaceae. vari.-ii- ro-ads. and Paeonia. Morphology (especially floral features) and oth er characteristics are

described in mho, detail lor well-supported elades (let. ermined b\ the molcculai dala.
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Recent eladislie aualvses of phv logenetie rela Uanuiiculaceae. and Roi bemlaeeae (e.g., Hoot et

lion-hip- within angiosporms recognize two major al., 1995, 1997; Kim i\ Jansen. 1995).

clades, eudieols and monocotyledons, both nested In this paper, we present the results of phylo-

within a small assemblage of "basal" dicotyledons genetic analyses of the "lower" eudicots (Ramm
at the magnoliid grade (Crane. 1989; Drinnan et culidae and "lower" Hamamelididae) using 73 taxa

al., 1994; APG, 1998). Eudieols are characterized including appropriate magnoliid outgroups and

by the possession nl inaperliirale oi Iriaperturate- placeholders lor highei la\a within the eudicot

derived pollen, and monophyly of the group is fur- <hide (e.g., Rosidae, Dillenidae). Analyses are

ther supported by phylogenetic analyses based on l>ased on three sequence data sets, both individu-

niorpliological and/oi molecular data (Chase et al.. all > ai, d combined: the two ehloroplast genes, atpH

1993; Albert et al., 1994; Doyle et al., 1994; Hoot a "d rbcL, and nuclear ribosomal 18S DNA. Be-

& Crane, 1995; Soltis et al., 1997). Eudicots com- <' ause relationships within the magnoliid grade are

prise approximately 75% of extant angiosperm spe- unresolved (see below), we explore potential chang-

cies (subclasses Nelumbonidae. Ranunculidae. e
' s in tree topology that may result from the use of

Caryophyllidae. Hammi. Ii.lid.i. Ddl. nndi. lb- di. main, .uiluoup. We aU explore the effects

idae, Cornidae, Asteridae, and Lamiidae sensu (,n tree topology of different sampling strategies

Takhtajan, 1997). Clarification of phylogenetic pat-
within the "lower" eudicot ingroup. Phylogenetic

terns at the base of this clade is therefore important ,n ' ,JS suiting from the analyses of molecular data

to our understanding ..I relal i.mships among angio-
ar<> used to * >xa "''"*' ''volution of specific morpho-

spcrms as a whole. logical, anatomical, an i chemical characters.

Recent discussions lia\c highlighled two assem-

blages of families as potentially "basal" within the MATKRIALS AND Mk.TIIODS

er" hamamelids (Crane, 1989; Drinnan et al., 1994;

Hoot & Crane. I'>",i Kanum-ulidac have some- The 73 taxa included in the analyses presented

times been placed within Magnoliidae (e.g., here were selected to maximize systematic coverage

Ranunculales of Cronquist, 1981), largely on the within the Ranunculidae, "lower" Hamamelidae,
basis of their frequent l\ |.ol\ morons llowcrs (Drin- and other subclasses (Tables 1.2). Unless otherwise

nan et al., 1994), but are more appropriately in- noted, taxonomic groupings are as in Takhtajan

eluded within the eudicots because of their tna- (1997; Table 1).

penmate pollen (Takhtajan, 1997; Crane, 1989; n ,. , », r . r •• • .
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families, placeholders were selected based on pre-
magnobid grade cf. Endress. 1986; Crane, <)89).
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vlous analyses of mole,

Because oi the .Nlrenie dl\crslt\ in the eudicot
( j ata

clade (ca. 175,000 species) one problem in resolv- p t endophyllum, Hypecoum, Dtcentra, and Coryd-
ing eudicot phylogenv has been the development of ^ wm. ^^ ^ lat .

t
. hol| ,,.„ for papavt . ra |,. s

a strategy that provides adequate representation of
, )ase<1 ()n morph()logH . a , ai|alvsrs (Ka(lereit ,, aL .

the group while at the same tune allowing sample ,, )()5) .,„,, ,.„ m, lil|t .
( , aiia | vs ,. s of mol ecular and

size to be maintained at a level that is manageable
lllorp | 10 l ogit . a | ( Jata sets (Hoot et al., 1997). These

given currently available techniques lor phyloge-
stll(|i( , s s|l()Vy a sis „. r _ group relationship between

netic analyses. To minimize sampling size, we con- Pteridophvllum and all remaining Papaverales (Fu-
ducte<l an extensive survey of phylogenetic patterns ina riaceae and Papaveraeeae). The Fumariaceae
within the eudicot clade based on existing molec- (represented here by Hypecoum, Dicentra, and Co-
ular data. We then used a "placeholder" strategy to rydalis) are sister to Papaveraeeae s. str.

represent the major eudicot groups currently rec- Kingdonia and Circaeaster, frequently treated as
ognized. Also factored into the selection of appro- monotypic families, were included as genera of un-
priate taxa wen- pr.v phv logenetie analyses of certain affinities within Ranunculidae. Previous an-
major ranunculid and "lower" hamamelid families. alyses have shown that together they form the sister

by us and others, which provide acceptable repre- group to a clade composed of Sargentodoxa and
sentation of large groups such as the Papaverales. Lardizabalaeeae (Hoot & Crane, 1995).



Basal Eudicots
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S, l. xloxa is often assigned to a family of its

own. usually considered to be closely related to, or

within, I.ardizabalaceae (Hoot & Crane, 1995). Sin-

i
I ' snea were included as place-

holders lot Lardizabalaceae s. str. based on previ-

ous naKscs o| m<
i

ioIojj 1 1 1 oconte & Estes,

1989; Loconte et al, 1995) and molecular se-

i (Hoot et al., 1995).

placeholders for Menispermaceae, based on then

diverse Iruil and Moral morphology (Than

1984). Preliminary phylogenetic analyses of 17

genera within the family, based on molecular data

(atpB and rbcL), confirmed the monophyly of the

family and the rehitive divergence of Tinospuru and

Menispermum (Hoot, unpublished results).

Nandina, Caulophyllum, and Podophyllw

We selected Tinospora and Menispermum as selected as placeholders for Berberidales based c
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tin- fn !|in nl separation nl \<in<iino as Yiiidinaeeae

(e.g., Dahlgren, 1980; Takhtajan, 1997) and the po-

sition of Caulophyllum and Podophyllum close to

the base of the Berberidales (Kim & Jansen, 1995;

Niekol, 1995).

Glaucidium, Hydrastis, Coptis, and Xanthorhiza

were selected as representatives of Ranunculaceae

s.l. based on extensive tn >i il nl » i. n iml m I- «

dat |.V logeneiic -: nil. s nl 1 1 1< lamib. which place

these genera close to llie base of llie fainib (I lo si.

1991, 1995; Johansson & Jansen, 1993; Johansson,

1995).

"Lower" Hamamelididae. The "lower" hama-

melids have been onh looseK defined by previous

but are generally considered to include

5 Trochodendrales (Trochodendraceae, Te-

cidiphyllales (Cercidiphylla-

ceae), Eupteleales (Eupteleaceae), Myrothamnales

(Vlvrolhamiiaeeae). I lamamelidales (Platanaeeae,

Hamamelidaceae, Altingiaceae). Daphni !

I I )aiihn:|»ri\ Mace; '';. \)'u\\ n .Is
1

.-, il I .Umehna ei.

ISuxales (HiixaeeaeK and Siinmondsiales (Siiiimnml

siaeea< I. all b« a _ i „ t .
- i<b i-- 1 1 n a I id

sensu Takhtajan (1997; Table 1). With the excep-

tion of Hamamelidai i ae, Utingiaceae, and Buxa-

ceae, each of the families included in these orders

contains a single genus, and all were included in

our analyses (Table 1).

Hamamelidaceae (sensu Endress, 1989a) in-

clude 30 genera di-i'ima-d . : j i-a, -ihl.imi

lies, ol which llai i. lilt idnidi ae - ill. .algc-l w \ I

22 genera (Endress, 1989a, 1993). Because results

o i. > il- pin ' >_< i. ti> 'ii! -^ -i __' - ll H 1 la

rnalllel daeeae ate i ol mm >ph\ h ti> U .g . Mo ».m

& Soltis. 1993; Manos et al., 1993; Chase et al..

1993; Qiu et al., 1998), three of the four subfami-

lies, i.e., llama n« li I i I. I bin k land i<
'

i

and \lti i-i a,,- . ... - r. (a. i led in our study.

A more detailed assessment of the monophyly of

Hainan;* ila. nd lb iel mships among the

genera vv ill require more extensive sampling . I > n

the family.

Several taxa that have been identified as puta-

tively closely related to Hamamelidaceae (sensu

Kndress. 1989a) based on recent phylogenetic anal-

\ses of molecular data were also included in our

s.impl iig (e.g.. Chase el al... I
<><).''.: Morgan i\ Sollis.

1993; Drinnan et al., 1994; Soltis et al., 1997). In

addition to Cercidiphyllum and l)a Ph

these taxa are Saxifragaceae s. str. (equivalent to

the Saxifragoideae of Engler, 1930, and Schulze-

Menz, 1964, and represented here by Heuchera;

Soltis et al., 1993; Soltis & Soltis, 1997), other gen-

era «»
: ^iMlmuoid ail ; u:l\ (:vpres.-nted here b\ Ilea).

1 lalnragaeeac (re|, rx-nled hen In ll<tl<>nu'i> I. and

the isolated gen a- I'uroum (placed n> Kanuin ad

dae by Takhtajan, 1997).

Preliminary analyses of molecular data for five

genera and nine species of Buxales (including Styl-

i dicated three genera are appn

placeholders for the family: Styloceras, Buxus, and

I'm h\saiuhn il loot, unpnblisl ed d; :al. < ronq n-(

(1981) tentatively included Buxaceae in Euphor-

biales. However, Takhtajan's (1997) superorder

Buxanae, which includes Didymelales, Buxales,

and Siiiiiiiotidsia c-. s placed in snb< ias- I I: ma

i li ml • In _• in > which w.h - p

arated by Cronquist (1981) and Takhtajan (1997)

from Buxaceae and placed within a monogeneric

family, was also included in our sampling.

Taxa that have been identified by previous phy-

Ingenelie analyses (e.g., Chase et al., 1993; Wil-

liams et al., 1994; Drinnan et al., 1994, Soltis et

al., 1997) as putatively related to "lower" hama-

melids were also included in the taxonomic sam-

pling. These include Nclumho (Vhimbnnaceael.

i
<" ' I" t. ai each Sabia

(Sabiaceae), and Gunnera (Gunnera. eae).

Core eudicots. Results of recent phylogenetic

analyses (Olmstead et al., 1992; Chase et al., 1993;

Drinnan et al., 1994; Williams et al., 1994; Soltis

et al., 1997) converge in identifying a large clade,

eludes the majority of eudicot species diversity.

Based on recent results derived mainly from analy-

ses of molecular data, the core eudicots are largely

.lli I i. d in three distinct clades: the "caryophyl-

bds." "asler.ds," and "rosids" (Chase et al., 1993;

Soltis et al., 1997), all of which were represented

in our sampling.

The "caryophyllid clade," equivalent to the "car-

yophyllids" of Search II from Chase et al. (1993)

or the Caryophyllidae s.l. of Soltis et al. (1997), was

represented in our analyses by genera b< 1. i i i

li\e families: I'oUgonaeeae (Rheum), Chenopodi-

aceae (Spinaria). Mollugmaceac (Limnim). I'lnlo-

laecaceae {Phytolacca), and Nepenthaceae (Nepen-

ihes). Nepenthaceae have been recognized recently

as closely related to Caryophyllidae (Albert et al.,

1992; Chase et al., 1993; Williams et al., 1994;

Soltis et al., 1997). Because Dillenia appears as

either sister to a largely caryophyllid clade (Chase

et al., 1993) or closely associated with several "low-

er" hamamelid species (Qiu et al., 1998). three rep-

our sampling: Dillenia, Hibbertia, and Schumach-

The "rosid clade," corresponding to the "rosids"



of Search II in Chase et al. (1993) and mughb to

the Rosidae of Soltis et al. (1997), was represented

in our analyses by four placeholders: Fraruoa and

Crnmiimi (Rosid III. and Coriariu and Kurr \/>in,i

(Uosid I), Oenera ol I lamamelidaceae, Cercidiphyl-

lurn, Daphniphyllunu and other laxa have been

identified as forming a paraphyletic grade at the

base of the rosid clade (e.g., Morgan & Soltis, 1993;

Soltis et al., 1993; Williams et al., 1994) or have

been included within the most basal group (i.e.,

"Rosid III" of Chase et al., 1993, or "Saxifmyoids"

of Soltis et al., 1997) of the rosid clade (e.g.. Chase

et al., 1993; Soltis et al., 1997; Soltis & Soltis,

1997).

The "asi.-rid .lade"" equivalent to the "asteiids"

of Search II of Chase et al. (1993) and to Asteridae

8.1. of Olmstead et al. (1993), was represented in

our analyses by three placeholders. The "Cornales"

of Olmstead (1993) or "asterid IV" clade of Chase
el al. (I9<).'{) was represented by llulran-ra (ll\

draugeaeeae). The "asterid II*' clade of Chase et al.

(1993), which includes the Apiales, Dipsacales,

Asterales s.l., and several genera of varied taxo-

nomic affinity (Olmstead et al., 1992; Olmstead et

al., 1993; Cosner et al., 1994; Plunkett et al.,

1996), was represented by Hedera (Arahaceae) and

Berzelia (Bruniaceae).

Total cellular DNAwas isolated Iron, fresh, her-

barium, or silica-dried material using the miniprep

method of Doyle and Doyle (1987). The amplifi-

• allot: primers and polymerase chain reaction

(TCKl protocol are as described in Hoot et al.

(1995). Purification of PCR product and manual

double-stranded sequencing protocols are as de-

scribed in Hoot (1995). Automated sequencing

Irom purified PCR product was performed on an

ABI automated sequencer (Applied Bios\ stems.

Model 37.'' \| an. I contigs were assembled using Se-

quencher® 3.0 (Gene Codes Corporation).

Sequence comparisons for atpB, rbcL, and 18S

included 1493, 1397, and 1635 bp, respectively.

lioth strands of I >\ \ were sequenced for all regions

with approximately 80% overlap. Several regions

were removed from the 18S data set due to align-

ment and/or compression problem- at lh. I, .Mowing

positions in relation to the soybean IKS sequence

(Kckenrode et al., 1985): 131-133, 224-231, 666-

669, 1363-1366, and 1512-1517. In addition,

three informative site- were removed due to com-
pensator changes (paired sites indicated in paren-

theses): 734 (708), 1050 (1076), and 1074 (1052).

See Hoot (1995) for details of data collection.

ilionships of the eudicots as

to groups at the magnoliid

. and man\ different pin lo-

have been suggested (e.g.,

Donoghue & Doyle, 1989a; Chase et al., 1993;

Doyle et al., 1994; Soltis et al., 1997). Because of

these uncertainties and the absence ol critical ell

dieol features iii potential oulgroup |a\a. rooting the

basal eudicots is problematic (Donoghue & Doyle,

l'»'.>b; Dovle K Donoghue. IW3). Therefore,' we

woodv and herbaceous outgroup tax.i within sub-

class Magnoliidae. representing 13 genera in eight

families within six different orders (all sensu Takh-

tajan, 1997): Winlerales (Winteraceae), Illieiales

(Illiciaeeae, Schisandraceae), Austrohailcvalcs

I \usliobadeyaceaeL \i islolochial.s i \ristoloclu

aceae). I'lpcrale- ! I 'epei omiaecae. San ru I aceae |.

and Chloranthales (Chloranthaeeae; Table I). For

the analyses presented here. \it.stn>bail<-ya was des-

ignated as outgroup, allowing for an additional

check of eudicot monophyly (Figs. 1-6). In addi-

tion, alternative outgroup configurations were cho-

sen to check the effect of outgroup samplu
r

i lh<

tree topologies (described below).

'";>•
I. geu. lie analyses with the complete sam-

pling were performed separately on the rbcL, atpB,

and IMS data as well as on the combined dala sets

atpB/rbcL and atpB/rbcUlBS. Analyses were per-

formed with PAUP* 4.0d64 (kindly provided by D.

Swofh.rd) using the heuristic search option with 20
random additions. TBK (tree biseetion-reconnec-

tion branch swapping), and MULPARS(retention of

all equally parsimonious n, . -. m . il< , \ Bootstrap

analyses (Felsenstein, 1985) with 100 replications

were perfomed on each individual and combined

data set using lh. option with sim-

i.l h ii sequence. In the

data sets (atpB, rbcL, and 18S), the maxlree lun

of 2000 was reached on some bootstrap ivplic;

tions. Alternative tree topologies and icsultai

changes in tree length were explored using Mat

Clade 3.0 (Maddison & Maddison, 1992).

Alternative analyses. Several additional analy

ses of the combined data sets were performed a

described above to check the effect of taxon Sam
pling on the tree topology. Five alternative sam
plings were examined as follows: (1) exclusion c

paleoherbs {Chloranthus, Sarcandra, Asarum, Aris

t< »/< n- 1

1

hi. Peperomia, Saururus, anc I //.



ii;,U: :; « „„, :

s iininforinati\e eliamct.

designated oilier-oil} i \iisln>htiilryti); Vl) exclusion uf

"wdo.K" niagnolnds \\u\ir<>h(it!c\<i. li/iriiim. Srhi.s

andra, Pseudnu hi. and Drimys;

designated nut t;ioup (jiloranlha.s): (.'!) raiaiM'aihb

reduced to six pi . i Id i
- I ' - ,- ,' (',

,

//;»». S<irgrntodo\<i, \l<'in*j>rrmttm. \u!>d>:iti. Il\

drastis): (I) ranunculids reduced to dine place-

holder- U'lij't'-lni. I'lrt:,t,>i'l:\>'l;;ni I !;,„;,.,,>•> ,. ml

(5) separate analysis of "core" eudicots (see Fig. 6)

iivuiu /' /'./ • /,".". ii d /•«•. 'I,.,,', ;,,-/,',•; a- oiiL" . I
>-

Congruence of data sets. Before eon 1 1 a n i < i

data sets, data (or character) congruence was as-

sessed isii g ||i< partition lioit «»g< neil\ lest (I i i-

et al., 1995; implemented with PAUP* vers. 4.0),

a l-ooKl: ( |. :i|.|.!.»a< H Itrii i.irid. mil', paiiltioM-. < 1, ,i

acters. It tests |li , i I |, -i~ I
i _

tition of a data set (for example, rbc\, and utpW data

i i
;

n i n of the data. All

addition sequence, TBR, and MULPARSin effect.

To reduce computation time, the analyses were

done with reduced sampling (50 taxa). The follow-

i

i

iaxa v\eie omitted

from the analw N '

,./"./-,/ /'», •>,,„,,,,;, ,,, /,/,.,, ,,;>,,• , !>,,,,, }.,

rum. \>;.si<)'ochi>i. !'<;>( ><:;.-, •'.,•. Snuninis. HouHm
nju. H'lZ'-n.il. llrdnn ( nran •"..'. Fiulnmi, ///?/>,';>,.'

.> I,i, :i:<i, !";>, i. \ '•/",' .•//" -.. \>:r„i, i<i. Inn, •";:,. /'<>
>

• II a a d lieu, lo lcs| the effect of

the reduced sampling, a heuristic parsimony search

of die combined lata w itli n dm < d sampl cj u; -

performed. It resulted in a strict consensus tree (of

six trees) that was virtually identical in topologv to

that found in the strict consensus tree with com-

plete sampling (Fig. 6).

The number of variable and potentially phylo-

geneliealK hi i i lu haraciers found in each

data set, the number and length of most parsimo-

nious trees obtained, and the consistency, relention.

and rescaled consistency indices of the various

analyses performed are presented in Table 3. The

results from the incongruence lesls of the reduced

data sets are found in Table 4. The P-values re-

.ullini; lltili I in lion 'ii .ii ogeiieils lesl indicate

reasonably congruent.

One of the most parsimonious trees produced

from each analysis is presented to illustrate the

i
|

.•>rt il different nodes (Figs. 1-5). In the results

and discussion presented here, clades with boot-

strap values of 70% or more are regarded, provi

sionally, as "well supported" (Hillis & Bull, 1993).

Tables f> and (> present the bootstrap support for

various systematic groupings.

Data sets /'-value

atpB vs. rbcL

,///.!< >- IliS

rbcL vs. 18S

atpBJrbcL vs. 18S 0.21

The two chloroplast sequences, atpB and rhcL,

are most congruent (P-value = 0.41, Table 4).

Comparison of the strict consensus trees derived

from each data set (Figs. I. 2) indicates minor dif-

ferences in the decree ol i< -i i Ihon ol some chutes

and some positional differences in branch.'- , i r

weak bootstrap support (< 70%). Because the data

are congruent and topologically similar, only the
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ic-aills of die combined . Mm,|,lasl .lata anaKs -

will be discussed here in detail (Fig. 3).

The six trees i ,, I , , jlysis of the corn-

Fined chloroplast data (atpB and rbcL) strongly

-upper! ill.- i i . » 1 1 « :
|

> 1

1

> - :»C the < udicots as a whole

(bootstrap = 98' \\ . i I . >up there are two

major well-supj I II i - I H mmculidae (in-

I n I llic "core euchcots" (Fig. 3,

node highlighted in bold).

In Ranuneulidae, there is strong support for the

nmeopl \ l\ ill ua.li: oral \ :<.-. ..gni/.-d la a u«."l i I

nig Papa\( laics. ( in aeaslei ;in'.ir (including A/ar

/.">, / . I nil.. ! a ' • a. in- hi :n._ ">.,•'_•. ",' .... ... i.

\1cn;spermacoae. B< rhei idalcs, am! Ivanim. nla

<-.;;, \\ r run li;i'ii;i;i lii.l ic. Papa', run"- ai d /" a/.

A-Ao arc basal, a h I. Borberi. laics an. I IFinar. i

lac. -a.- are found in a dermal position.

Within the non-ranunculid "lower" eudicots,

there is nio.lt i il -i.|. nil in «

i

in I.
'

I mi;

mclid clade (bootstrap - 7 ( )%) consisting oi several

I I nil " li
i ^ - i p. ii iph\ I. ti. s,

ries: (1) Platanus/Proteaceae/Nelumbo, (2) Sabiu.

(3) Buxaceae/ Didymeles, (4) TrochodendronlTetra-

centron, and (.

r
>) the core eudicots. The core eudi-

cots arc well support, d {'A 'A -uf.s' I ilieie, |...< i-.i
j

= 100%) and coi I unresolved clade

of "lower" liam in. Inh pi i In Id- is |,, t \a s

eudicot groups (Fig. 3). The "lower" hamamelids,

as pic, iousK suggested, are < II. ai F anp. air, I. li.

(Crane, 1989; Albert et al., 1994; Chase et al.,

1993; Drinnan et al., 1994; Williams et al., 1994;

Soltis et al., 1997; Qiu et al., 1998).

The

i 18S SEQl KNCF. I

idling
:

'ihosomal l)V\ (Fig F is |< ss resoked. ant I d. cp.

in in the consensus trees re-

...
. uplasl data sets.

This is highlighted in Table 5, which contrasts the

level of support for the chloroplast and 18S data at

ll-.c ordei/siihclass |e.<
. \Fijoi factors eont riFut ing

to this lack of hasal sup|iorl in the analyses based

on 18S data are: less inh li i

I ill i- ii in. inil.li nil in! . i uiative sites com-

ian i /dl and/ 1 I i'ih
I md a larger num-

ber of sites in high P , ri Fh regions thai e\liiFil

high ie\e|s oi homoplasv 1 1 loot. uitiHih ish. < dal •

;

At lower taxonoma le\els. however, many of the

more lei aiinal chide- w ill. adequate bootstrap -ii|

poil arc identical to those fecial i; the rladograins

based on trie < aloroplast -.--; a. nee a.ra | laid. <>).

The ummalni., pl|.-e'liei' ..I some m.ig tl< >l l a :

taxa within the eudicots seen in pre, in. a- amilvs. -

of 18S data (Nickrent & Soltis, 1995; Soltis et al.,

I'"*?' is also ha. a. I in the anaPs> presenled here

(Fig. 4). Intereslii , I

in the two studies, two of the same families are

involved: Aristolochiaceae and Winteraceae. In our

18S analysis, the paleoherb order Piperales is also

I

I ilhii I
i(s, whih it r. mam. d n. -I

ed among other magnoliid groups in the Soltis et

al. (1997) analysis. However, in both anaFs.-s. the

branches involved in this anomalous placement of

taxa have bootstrap values < 50%. In-

deed, if all branches with bootstrap values < 50%
are collapsed, the tree (Fig. 4) reads as a highly

i i d polytomy with little or no information

about highei-le\el ta\onomie relationships.

The trees (Figs. 5, 6) based on a combination of

all the data are very similar in topology to the decs

derived from analyses of the data from the two chlo-

roplast genes, but, in genera

dala resulted in high. toots
|

support for many

of the branches (Tables 5, 6). Four clades are not

alues < 50%) by any of the

individual data sets, but are supported in the com-

bined analyses I fables ,>. < ,): i m aeas|craceae/l ,a:

dizabalaceae, Rosid I & II, Nelu mbo! 1 7 . <
.

r,
•

Proteaeeae. and Hamamelidaceae s. str. (i.e., Ha-

mamelidoideae sensu Endress, 1989a, 1993).

The results of the first four alternative analyses

with varied taxon sampling (see "Materials and

Methods") were very similar in tree topology i lat-

tice resulting from complete sampling (Fig. 5).

Varying the outgroup by removing either the pa

leoherbs or the "woody" magnoliids resulted in

trees with the satin topology as present! d in F gut.

5. except thai /' '.</ i< •'. i) lorn « d i I r;eh< -Ion v *a ilhin

die i arm. uli.F win n on . . •
i ... •

used as tin- outgroup. whereas it was resolved as

sistc i group to ill i.inmit i i pi I

when the paleoherbs were the outgroup. Reducing

the sample size of the rammculids to three or six

genera (see "Materials and Methods") resulted ui

identical tree topologies to the tree based on com-

plete sampling with only one exception: the tree

based on three ranunculid genera resulted in a lack

of resolution for Sabia in relation to other eudicots

in the "lower" hamamelid/core eudicot clade (Fig.

6). Analysis of just the core eudicot group (as de-

luaia d ii I _ ii| l.-oii. /• .•',;. ;..•<<'
. - ai miL • hi:

resulted in one fulP resoFed tree. However. Fool-

strap support was < 50% for the identical branches





Discission

As in other woin :_ ,

large molecular data sets (e.g., Hoot et al., 1995,

1997; Soltis et al., 1998), the analyses based on the

combined (lain (both the combined chloroplasl se-

quences and a combination of all three sequences)

had shorter computer run times and resulted in

il.-e- will) bell.-j re-oliilion and : in;iio\ ed hoot-linn

support. The increases in resolution and support for

groupings al the snlx lass and faniilv levels are in-

dicated in Tables 5 and 6. Of the individual data

l i' • hi were the high-

est with atpB and rbcL sequences from the chlo-

roplast genome and the lowest with nrl8S DNAse-

quences. In ndi i n ill
i

II i i

variations in either outgroup or ingroup

V ' ". rences occurring as a result of various

sampling evperimenls wen miuoi and confined to

branching patterns w ill: weak support.

b: the following paragraphs, we lirielb dt-< i

- - h previous work

based on non-m. il.u . n na > as, with an em-

I
- floral morphology. A more del.

pin gii the "I ndicots is in pro-

gress (Magallon & Crane).

A ranunculid clade, which corresponds largely

to subclass Ranunculidae of Takhtajan (1997). is

strongly supported (bootstrap = 97%, 19 substitu-

tions; Fig. 5) in the combined analysis of atpB,

rbcL, and 18S sequence data. The ranunculids are

ehaia( t.-n/ed b\ i.i u-ualb lame ate! lion e-ci . eii-

S
s

sieve element plastids (Behnke, 1995), benzyl-

iscpniiolu II doids ,1 ihe b.aberine and mor-

phine type (Jensen, 1995), and epicuticular wax tu-

bulcs (also found in a 'r%\ i on-ran ineulid lamili.-s.

including Nelumbonaceae; Barthlott & Theisen,

1995). There are no clear synapomorphies in floral

moi fool . foi i'i Ranun ul la< (Kndress, 1995).

The flowers are often large and conspicuous with

brightb colored petals with whorled phyllotaxis,

Euptelea. A surprising result that emerged

from previous studies (Chase et al., 1993; Drinnan

et al., 1994; Hoot & Crane, 1995; Soltis et al.,

1997), and that is supported by this work it In
three gene sequences and more extensive sampling.

is the inclusion ol Enpirh-ii within ihe ranunculid

clade in a basal position near the Papaverales. Be-

cause of the low bootstrap value (< 50%) in the

total evidence tree, phylogenetic patterns involving

Euptelea are best considered as a trichotomy that

includes Papaverales and the remaining "core"

ranu il da (Figs. 5, 6).

/•,'»;./<•/, 'i has traditionally been pia< « d anion: ihe

"lower" hamann i b\ relatively in-

eonspieiions I ow - « _> Inn lioih ritt'nm I < • ul>

phyllum; Endress, 1986; Cronquist, 1981; Takhta-

jan, 1997). Flowers of Euptelea are small, bisexual,

lack a perianlh. I • h i

i

mens and carpel |

•
.

mental studies indicate that lh. , oh n

inl il< Ill -\ ii 'ael: h .1
; i ndn ss. i

!

'. ;.ui. perh: ps

indicating a basically dimerous floral plan. The flo-

ral features of Euptelea are significantly different

from those of ot 1 l> m Ii ' hi« po il

similarity between the flowers of Euptelea and sev-

eral Ranunculales and Papaverales is a dimerous

floral organization, but the distribution of this char-

acter state anion 1 111 1 s id I h 11

melids is complex. There is apparently no uniquely

derived floral feature that links this genus with Pa-

Papaverales. A clade corresponding to the or-

der Papaverales of Cronquist (1981) and Takhtajan

(1997), represented in this study by Pteridophyl-

lum, Hypecoum, and two genera of Fumariaccae, is

solidly supported as a mono hvldi

strap = 100%, '1
11 -n i« i. i-i -i ,| i- 1-

sister to all rem

lids) in ihe strict aousensiis five lesulliiig from ill'

combined three-gene analysis (Figs. 5, 6). The po-

sition of Papaverales as sister to Euptelea and the

previous analyses based on molecular data (Chase

et al., 1993; Hoot & Crane, 1995; Soltis et al.,

PX,i7). hut eonlih |s is ill] pre\ ions eladislie anahses

l.ikhi.nan. I
ft.

i \. i. n.i>,- I", -ul.. I sms: CA = Caryophyllidae, CO - Comi
lididae, M = Magnoliiif ic. \ \eliimhonidae. K\ Kanuiu ulitlae. RO = Rosidae. Dil.

Dill.ainilac. II I



t sensu Takhtajan (1997) ft

of 'iiinrplinlnf-ical .lata (Lncoiil.- X Steu-nson. l'><)|; Based on results from the combined atpB, rbcL, and

Loconte et al., 1995), which placed Papaverales as 18S data, the latter eonchisiiin i* imparsimoninu*.

sister to Ranuncnlai-cac in a tvlali\el\ dciu.il po- Moving Papaverales into a derived position as sister

sition with respect to . «t h<-t rammculid familio. to Ixaiiunculaceae adds an additional 2 1 -Icji- (total

(.lilolaiitlKlcra.-

\ii>li>locluarcar

Fumariaceae (including Hypecoum)

. (including Sargentodoxa)

Ranunculaceae s. sir.

\rlumbo/l'lal<inusi\'ini,:u t ,u-

/Vrtfa/Mw/Pniteaeeae

Proteaceae
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Basal Eudicots

tree length = 5714 steps); moving R
into .: re'ali', r\\ basal position as - -

erah - incurs mi . d. 1
1

!

'

ai:a 2."^ steps

Papaverales constitute a coherent group that has

been reeogni/. 1 1 1

1

I is 1
- iii

cnlil\. < 'laracter zed b\ panic irpo is g\ 1 ..= « a ami

the presence of secretory idioblasts or laetioilers

(except for Pteridophyllum; Kadereit et al., 1995;

Hoot et al., 1997). The flowers are bisexual and

i.'iMl'r In. -a i cmi !;n
' sv aimed ical lo inaikcob y.\

gomorphic. They have a whorl ud -i i'l

(Tolls. :ipp.:i-: >< -decl|ss;il. organization.

Pteridophyllum is strongly supported as sister to

II i .i.i n I ii in in i i ised on die anal-

ysis of the combined data (Fig. 5). The flowers of

.'-'•..',
ii i n I - nmposeil of one

pair of -.pals and two pairs of petals. The androe-

eium consists of four stamens arranged in two op-

posite-decussate pairs, and the gynoecium has two

connate carpels, forming a unilocular ovary.

The sister-group relationship between Hypecoum

and I ma i
' « ll upp uted (bootstrap —

84%. 2.'i substitutions: Fig. 5). The flowers of Hy-

pecoum h.n i -i id u < i mi i i i « ih -

•; hut differ in that the stamen- of the

inner pan base anthers in which the two llieeae an

separate. I. The gynoecium is unilocular, forme. I l.\

Results of lli. i al Ii
: em analysis in-

i. it ii ii a iwo i. pi. ri -hi rs of Fumariaceae

s. str. [Diccnlra. Corxdalis) are monophyletic (boot-

strap - 100%, 45 substitutions: Fig. 5). The flow-

ers of Fumariaceae arc strongly /\ gomorphic, which

is clearly a syruu,
,

sp< . t to the con-

dition found in /' id Hypecoum. The

androecium consists of two compound stamens.

each with a central bithecal portion and two lateral

iiioanla. c J
|

;c :t 1 a- I
II g\ i i umi has Iwo con-

nate carpels that form a unilocular ovary. Flowers

of Papaveraceae, which were not sampled in this

study, are constructed upon the same basic pattern

as those of Pteridophyllum, Hypecoum. and luuiai

iaceae. In some Papaveraceae, the production of

internal placentae in unilocular ovaries formed

from one to a few carpels are clearly dcri\ed fea-

tures (Hoot et al., 1997).

anunculid clade composed of (iir-

Lardizabalaceae, Menispermaccae,

I Fdrasli. Iaceae. ( dan. ad iaceae. Berberidaeeac

I I. i I
i in

I

,
.ported (bootstrap

= 99%. 21 substitutions) in the combined anabsis

of atpB, rbcL, and 18S sequence data (figs. 5. (p.

This clade corn- •nil- malely to the order

b'.mutit mlales of Cronquist (1981). Floral
j

ogy in the core ranunculid group is extremely var-

ied, flowers may be unisexual (e.g., Lardizabala-

<• ;ir. Me>i -a.ermaoeae! or bisexual, with radial to

1 ii i i! symmetry. Merosity varies from dimerous

(e.g., Circaeastei < !< • idimn) o irimerous (e.g..

I ardi/abalacc ie. Men -p.. ah a< « a< . Ii. I la; \i<

to 4-12-merous with helical or whorled phyllotaxy

(e.g., Ranunculaceae). Hypogyny and apocarpy are

Circaeasteraceae s. Circaeaster and Kingdonia

form a moderately well-supported sister group to

ill i \a (bootstrap =

combination of all the data (Fig. 5). Morphological

comparisons of Circaeasterai .

and Lardizabalaceae s. str. (e.g., Deeuisnea and

Sinofranchetia) reveal little similarity in

and floral features. Significant difierene.-

(areaeasteraeeae s.l. and 1 .ard i/al ulaocn

also reflected in the unusually long brai

sociated with Circaeasteraceae and its tw

Circaeaster and Kingdonia (Figs. 1-5).

Circaeastei and Kingdonia form an .

well -supported monophyletic group (boc

100%, 91 substitutions; Fig. 5). This

with past interpretations (Foster, 1961, 1963; Ox-

elman & Liden, 1995), but conflicts with sugges-

tions that Kingdonia should be placed within Ran-

unculaceae in a position close to Anemone (Tamura,

1962, 1995; Kosuge et al., 1989). Based on our

combined data set. moving Kingdonia to the base

of Ranunculaceae s.l. (represented here by four

genoia) adds H2 steps to the shortest tree length.

lApeiuiients i n\ ( .1 \ inn a larger sampling of Ran-

unculaceae are similarly unparsimonious (Hoot,

unpublished results).

In terms of floral organization and life history,

Circaeaster and Kingdonia differ markedly. The

flowers of Circaeaster are usually bisexual, with a

whorled phyllotaxy and irregular floral merosity.

\los| flowers have a perianth of two or three undif-

ferentiated tepals. two stamens, and one carpel (Hu

et al., 1990). The flowers of Kingdonia arc bisexual,

also with irregular and variable floral merosity.

Flowers are apparently based on a helical ph\llo-

laxv (Kosuge et al.. 1989; Drinnan et al., 1994).

There are 5 to 7 undifferentiated tepals, 8 to 12

5 to 8 helically arranged carpels. In addition, Cir-

caeastei is an annual and Kingdonia is a perennial.

rhizomatous plant. However, the dichotomous ve-

nation in the leaves of both genera is one clear and



<i!itilticca<: The monophyly of Lardiza-

halaecac s. str. and the sister-group retain i -dip . i

\ . "\a to I^ardizabalaceae arc both -l n ?i gl\

supported (bootstrap = 99% and 100%, respec-

tively; Figs. 5, 6). Lardizabalaeeae s. str. an

oecious or dioecious. Tde flowers have a whorled

pdvllotaw with regular symmetry. The perianth

usually consists <>l -ix petaloid sepals and six pet-

als, each arranged in two whorls. The petals ar

thought to be staminodial in origin (Drinnan et al

1994). In staminate flowers, the androecium usuall

and pistillodcs ma\ be present. Pistillate flowers

usualh d,i\e three free carpels, but in some genera

tdere may be more. Species of Sargentodoxa are

andiomoiioeeioiis or dioecious and have flowers

with 48-90 helically arranged, free carpels (Ci

quist, 1981; Wu& Kubitzki, 1993).

-iitiilioi>: Kigs- :». (>|. Id.' typically trimerous flow-

ers of Berberidaceae are bisexual with regular

symmetry and wdord d pi •. I -.
i

I In id

consists ol one or mot, whorls ol three sepals, and

one or more whorls of three petals, which ma\ or

may not have net lam M.

lion between sepals and petals i- not \<rv strong.

There are usually six stamens, apparent l\ in two

whorls of three, and opposite the petals. The gy-

noeciuni consists of two or three carpels, but is

pseudomonomerous.

rcut \.l The sister-group rclation-

- I'll" l-.etwe, n U.ii mi- i i. . ae ai d //•, /.' i^.'.'s/lihin

cidium (bootstrap = 90%, 29 substitutions; Fig. 5)

derived from our data supports previous classifi-

cations and phv logerntie anabses based on rnor-

i
I I I. '

i I. ii i harac lers i Hoot. I")<)|.

I

1 '*')!, (dven the strongly supported ph\ I. _> « • '<>

pattern among Lardizabalaeeae, Menispermaeeae,

with most berberidaceae but differ in being dioe-

•ious. The perianth is formed b\ relatively differ-

entiated sepals and petals, organized in two whorls

:if three sepals and two whorls of three petals. The

whorls, formiiij

H< ilx-tttlmeae. The sister-group relationship

eluding Hydrastis and Glaucidium) is stable ;

strongly supported (bootstrap = 98%, 18 substi

lions; fig. :>). This relationship is also supported

b\ an important ph\ toehemical charael.

encc of the isoquinoline alkaloid berbei

beridaeeae and the basal members ol Raniincula

ceae s.l. (Hegnauer, 1966; Jensen, 1995)

Molei-ulai dala pm\ ide no support loi a s|s|ei group

relationship l.elweeu berberidaceae and I'apaver-

aceae proposed on the basis of several shared mor-

phological characteis (,.,... ^i ninn eongenitalb

closed to the |e\el ol the sligma. placentae pio

truding-diffuse in some genera, fruit dehiscence

transverse; Endress, 1995).

The placeholders for Berberidaceae form a

strongly support. <! nioimphyletic group in the anal-

yses presented here (bootstrap = 100%. 39 sub-

flowers of Hydrastis show a

with a perianth of tlu.-e t.

four). Glaucidium, sister to Hydrastis, has bisexual,

w. is with an oppo-il, ,|, < ussale plan

tepals arranged in two pairs;

iged stamens, and two par-

tially fused carpels.

Floral morphology is diverse within Ranuncula-

oeae. but most taxa fiave bisexual hvpogvi S flow

ers with regular symmetry and floral organs fre-

quently arranged in a helical phyllotaxy on the

floral receptacle. The innermost organs of the pen

anth are thought to be staminodial in nature (Ta-

mura, 1965). The perianth parts may be in dues.

fives, or variable numbers. The stamens and cupels

nd the gynoecium is apocarpous.

Placed between the ranunculid clade, which

ne diversity \

grade that i

mamelididae and other affinities, which we term

here the "lower" hamamelid grade (Fig. <>). There

appear |o be no universal morphological features

-liar., | among the independent lower hamamelid

lineages and the cor. eudieots and. ill spile of the

limited number of lineages and species within the

lower hamamelid grade, the disparity in floral form



an Jtrucl n ncoi passed by these lineages is

siderabl ' . lowers 1 ging to the lower

hamamelid iim ages :na\ have ;i < uuspicuo i- pei

anth (e.g., Nelumbo), a perianth formed by small,

I i i
i I

-
I i it-), or no perianth

(e.g.. Trochodrmiit",) 'Hie andtoeciiuii may consist

of few (e.g., Tetracentra) to numerous (e.g., TVe/-

imitio) stamens, and ihc g_\ noecuim ina\ :>r Ion: --d

of few to many free or fused carpels. The ovaries

arc superior; wilh the exception ol ' Tro< ho,|< n-h; |i -s

•> ill: :lie ba-a par! of :lie «»•, a \ emh< ddi «l in Ine

floral recepitacle). floral memsilv ma\ lie dimerous.

pentarnerous. or irregular, either In

ili o > ins. With the exception of Sabiaceae, the

periautii is not diiierei I i;ii--< I into a s, i n ej . wh< ,1m

sepals and a single whorl of petals, apparently a

.! i, feature which also occ urs in several

lineages of the i i . The generalized

absence of a difl. m-i ol pm nth (as deserihi il

above) among basal eudicot lineages suggests that

the perianth has not yet developed the specialized

W'lumho/I'lntunnceae/Prvteaceae. One of the

' ii'i lineages of the lower hamamel ill grade is a

weakK supported clade (bootstrap = 62%, 15 sub-

stitutions) comprising Nelumbo, Proteaceae, and

Mil ili >ili a s li.it nut xpi < ti d

relat ousliip o| \ciumlxi « ltd i' al.ma.-eai >\ ' •

ceae, and with icotyledons as a

whole, has been previously suggested in other phv

logenetie analyses (e.g., Chase et al., 1993; Drin-

nan et al, 1994). The placement of Nelumbo within

the eudieots is supported by the observation that il

produces (usual! In. oipal llei iai

nostii ol en. I t II

is unique. The flowers are large, conspicuous, bi-

sexual, and hypogynous, with irregular merosilv.

I eeiiisa sepals arranged

in opposite-decussate pairs, and numerous con-

spicuous petals arranged helically on the floral a\i-

(Moseley & Uhl, 1985). The numerous stamens

continue 'he In I ie.il pin lo: i -li< pattern ol the pet-

als. The 2 to 30 carpels are free from one another,

but embedded in a modified, terminally expanded.

floral receptacle.

Proteaceae and Platanaceae arc well supported

as sister taxa (bootstrap = 97%, 21 substitutions;

Fig. 5). There are several interesting similarities

among the flowers of Proteaceae and Platanaceae,

especially when I platanoids. Pro-

teaceae have bisexual flowers with whorled phyl-

lotaxy and a superior ovary. Except for the gynoe-

s of a single whorl of four lepals. The ;

Al-

longh se| I- nil i. als have been described, mor-

i the two types of

organs s ambiguous Slam i:afe flowers IvpiealK

have four stamens. Pistillate flowers have a variable

number of repro, ,

tributed to Platanaceae on the basis of a distinctive

ti\e|v conspicuous perianth parts and fixed tetram-

ery (Magallon-Puebla et al., 1997) or pentamery

(e.g., Manchester, 1986; Friis et al., 1988; Crane

et al., 1993). Developmental studies of the pistillate

flowers of extant Platanus have also revealed an

initially tetramerous organization (A. W. Douglas,

pers. eomm.). The occurrence of a basically tetram-

erous organization in the flowers of /'/»/ ./,. i

gellier u ith the d Iran. --roils f
il

eis apparently referable lo Platanaceae. provides

morphological links with Proteaceae, suggest ,a il

possibility that this condition was shared by these

two families and has subsequently been modified

Sabit

Sabia ,

times within Platanacea

While the inclusion o

basal eudicot grade ha;

ported by this work and previous phylogen a

yses (e.g., Chase et al., 1993; Drinnan et al., 1994),

its exact placement with respect to other basal eu-

di.ol Inn-ages is not securely resolved. The sister-

group relationship of Sabia and all remaining eu-

dieots is weakly supported in the trees derived from

the combined data (bootstrap < 50%, 10 substi-

tutions; Fig. 5). The flowers of Sabia exhibit several

seemingly derived features, and those of \hl>, ,»,,;

included in Sabiaceae (e.g., Cronquist, 1981) or

segregated into its own family within Sabiales

(Takhtajan, 1997), display several nun

presumably derived from the pattern in Sabia.

I lowers of Sabia are bisexual (or rarely unisexual),

hvpogy nous, pen! - i - • ith vx ho: li« u p:n Hot i\ ,

and regular symmetry. The perianth has one whorl

of apparently bract-like sepals, and one whorl of

relatively elongate petals. The androeeium consists

of one whorl of five stamens, and a 4- or 5-lobed

disk between the androeeium and corolla has been

reported (Li, 1993). The gynoecium consists of two

to three carpels (Li, 1993). The organs in the two

perianth whorls and in the androeeium are opposite

one another. Flowers of Meliosma exhibit a modi-



I'd pentamerous plan that resembles trimery. Sa- to del

iaeeae are the only family among tin- basal eudieot ieal

neages to have (lowers with a perianth consisting pairs

:
a single whorl of sepals and a single w

rials, organized under a pentarnerons pi;

mse (if dies.' seemingly advanced features

nding of the phylogenetic placement of Sabi-

^ae with respect to other basal eudieot lineages

id especially the core eudieot lineages) 1

Trochodendrales. Buxaceae and l)id\mclcs form

..ported sister group to Trocl '

nd the core eudicots (bootstrap - 88%, 17 sub-

titutions; Fig. S). However, the relationship of Tro-

lend les as sistei group lo tin core eudi< <>is is

not supported ||ioo|sh, ; |, ,">(l'f. ') substitutions).

:i:

-I i

• 1

1

m_ lli.
.

ili< . i < I Moral e\o .

i i i i

,.

F and it seems b< si I
i onsidei tin phylogeneti.

lutioli Ml ...re elldlcots.
placemen! ol lioeliod.'iidiales as \el unresolved

Didymelaceae/Buxaceue. The genus Didymeles, within tn< ' lou, '

r ('•""•""•'I"! grade. However, a sis-

endemic to Madagascar, is confirmed as a well-sup- ter-group relaliouship between Trochodendron and

ported sister group to Buxaceae (bootstrap - Telracentron is solidly supported hi the comLined

100%; Figs. 5, 6). A close relationship between three-gene analysis (bootstrap = 100%, 34 substi-

Diihmeles and Uuviceae had been proposed pre- tutions; fig. 5).

viouslv based on morphological (e.g., Takhtajan, Although superficially different, the flowers of

1997) and molecular characters (Qii, et al„ 1998). Trochodendron and Tetraventron share several dis-

Didymeles is dioecious; the staminate flowers are tinctive attributes. Both genera have bisexualflow-

i. polled as being dimerous, lacking a perianth,

with two opposite stamens. The pistillate flowers are ,r "' r "" an ' c!earl y constructed

described as unicarpellate, lacking a perianth or with f,, ur tepals and four stam.

Willi Inn. I like lepals. and placed in opposite pairs posite-decuss

or in groups of three (Cronquist, 1981; Takhtajan, four carpels, basallv embedded in the floral recep-

1997). Preliminary observations of the pistillate 'acle a,ul P lac>t '
(1 diagonally with respect to the te-

flowers of D. mada^ascarensis Willd. show that the Pal »'"• stamen Pai '^ ' >"' """crs of Trochodendron

pistillate flowers consist of opposite bracts or bract- «"' '^rent from those of Tetmcentron, but there

like tepals at the tip of a pedicel. There is usually is soim ' indication that they arc derived from an

one large carpel subtended by one of the tepals;
originally dimerous plan. Karly in floral develop-

the opposite tepal is empty. However, in several
m'' nt

'
,,u> r,oral m« M"istem is bilaterally symmetrical,

specimens, each of the tepals subtends a carpel,
The Perianth is absent in adult flowers, but two

one smaller than .lie other. The dimerous organ,-
smal1

- irregularly placed scales between the pro-

zation of the staminate flowers of Didymeles. and l
)h >' n * a,l(l th< ' ail,lm,Tlul " lum ' 1>tH " n interpreted

the general aspect of the carpels, suggest similar!-
as Possll)h " re,nams of ;l lv<lll< ' ,nl P«' riai,tn Undress,

ties with Buxacea,-. More detailed comparisons are
1986)

'
T1 "- a, " ,r, " ,, ' lu,n ,s imposed of numerous,

currently in progress (Magallcin, in prep.).
irregularly arranged stamens. The gynoecium c™

ongl\ supported
' several to many (4 to 17) collaterally ar-

,lts of the combined analysis of the
, ' m- r '

1 iar l"' U ^ lll,h '" v '-.nhedded proximalb
u„ a l „ ...a., n „r „„^^n t

Within Buxaceae

ationship between Pachysandra and Stylon

i the placement of Bu,us as sister to this « lade ^^^^L^LTl!
both strongly supported (bootstrap = 100%, 32

floral receptacle. The pattern of carpellary I

the mode of fruit del

• hi. I I tst,ap = 100%, 22 s

the wood (Endress, 1986), are som

ely; Fig. 5). The inflorescence* of
tUreS shared b

?
theSe tW° ^ nera '

tillate flowers. The siaminate tlouei- are organized

in a dimerous, opp..site-deeus*ale plan. The peri- The strong support for the "core" eudieot clade

anth is weakly diffci. nlial-d from (lie inflorescence (including Myrothamnus and Gunnera; bootstrap =

bracts, and two or three pairs of tepals are present. 100%, 37 substitutions) is one of the most signifi-

The androecium is composed of two or three pairs cant results from our combined analysis of atpB,

of stamens, and the staminate flowers contain a rbcL, and 18S sequence data (Figs. 5, 6). A similar

central pistillode. I'he pistillate lloweis are dillicult clade was found in other phylogenetic analyses
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based on one gen n l/i i .ulli l« --
i ti< : < > igl) - nn

pling of the basal eudicot taxa (e.g., Olmstead el

al., 1992; Chase et al., 1993; Drinnan et al, 1994;

Williams et al., 1994; Soltis et al, 1997). Except

for the inclusion I \}\'>,<!t,iiii:tits (u<>' -,,, ,p I n

previous studies) and Ciinnerti. our "core" eudicot

clade is comparable to the "higher eudicots" rec-

ognized by Chase et al. (1993).

limed analysis of the three-gene data sets (Fig. 6)

leeoglii/es a Uiaje.l poi\ !om\ oi' hie lol owim: 'elu

tively well-supported elades within the core eudi-

cots: (1) an astei < la * i
- I' pi hi '<

-,-,-/. Her: n 1 U 2) a lade equiv-

alent to "rosid 1 and II" in search II of Chase et

al. (1993), consisting of the four relatively derived

place-hold. I
/»/" i/i/ <•< -/'<,„... i ,.-,,„.,, ml/,

cryphia; (3) a caryophyllid clade plus Dilleniaeeae

l/i'
1

,' \. ,-'..". ,-s >*".//.

e

; ,,-v.,/ N •:.!:.! I

i ,'(!. aild S, /)//-

nuic'heiitiY. and I I ! a hamamcl id/Sa\if ragaies clade

|f , o ,. .. /< /;.' •',',„ i, _ , /

</'»/>»/', S'ti'', -;;>,!. //i(V;,/I'^. A'-
1

,/, ll< m !!';,! H\

',. ,, ^ ,,• ,.''
f /> s ,-«'< -Hi -,, > . •, ml'

comparable to the rosid III clade of Chase et al.

(1993) and the "saxifragoids" of Soltis et al. (1997).

The poorly supp.ni.-d n..| iu.-mLI. ph-. ...g.-i. n.

patterns among the major elades of the core eudi-

cots (Figs. 5, 6), together with the cotilhchn- pal

tei'ii- of relal on-
i

• il i
i rdc i li i ; 1

1

yses (e.g., Chase et al., 1993; Morgan & Soltis,

1993; Williams et al., 1994; Soltis & Soltis, 1997),

suggest dial relationships among ll ese ma|oi clade-

are currently hest expressed as a polytomy.

Floral morphology among the core eudicots is ex-

tremely diverse. However, the core eudicot floral

gmiuidp an anpareulh. < oi si-,
1

-, ol ,i w\ m !•<! j>

:

:c

lotaxy with a fixed number of organs in each whorl

(usually five in calyx and corolla, five or ten in the

androeeium. and two in the gynoeciutnl and alter-

nation in the radial placement of organs of adjacent

Moral whorls. The perianth consists of a single

whoi ! ol -epaL and a -iuide whorl o! : ctal- la il ire

morphologically differentiated from each other.

I'
, •

' Ki. The sister-group rela-

tioiislup ol \l\n>t!i,tt»!his and (,:imiein is not well

supported (bootstrap = 62%, 17 substitutions; Fig.

5) and these two genera are best thought of as form-

ing an unresolved polytomy with chides thai in-

clude the remaining core eudicots. These two gen-

era 'i I i II i I • 1 1 id reproductive

morphology. Mymihamnu^ i- a -hrub with small,

xeromorphie, fan-like leaves. The plants are dioe-

cious, and the How. - i
e

, leiruill nei.ilh.

formed b\ four brael I ke tep.als. The androeeiiiin

consists of four stamens, apparently arranged in a

single whorl. The pistillate flowers have three or

four carpels that arc hasalh fused and distally free,

and are reported to alternate with the tepals ( Kri

dress, 1989b; Kubitzki, 1993).

Gunnera consists of herbaceous plants that pro-

duce tiny (e.g., G. magellanica Lam.) to gigantic-

leaves (e.g., G. chilensis Lam.). The flowers are usu-

ous, and epigy-

nous. The perianth is formed by two or three small

sepals and two petals that are larger than the se-

pals. The audio., nan . ..u-i-l- >! one or two sta-

o fused carpels. The

i i horls is not well understood.

Caryophyllids/Dilleniaceae. The phylogenetie

placement of Dilleniaeeae within the core eudicots

has been problematic (e.g., Chase et al., 1993; Mor-

gan & Soltis, 1993; Rice et al., 1997). In this study,

a sister-group relationship between I >d l< inaeeae

and the earvophvllid clade is supported (bootstrap

= 74%, 22 substitutions; Figs. 5, 6). The cary-

iceae are each supported as

i
» n ! e|ic with high bootstrap values (100%;

Fig. 5). The gem N
. • |u< nth < lassi-

fied close to Buxaceae, although general I \ regarded

family (e.g., Cronquist, 1981; Takhtajan, 1997), ap-

pears willuii the caryophyllid clade in a weakly

-uppotted -.i'--«'i j p iclali. .:i-l i: v ilh 1 "
;

c

lales (bootstrap " 08%. 21 substitutions; Fig. 5).

A close relationship between Simmorulsi,, and the

Centrospermae (i.e., Caryophyllales) was proposed

by van Tieghem (1897) and is supported by paly-

nological, chemical, and microstructural characters

(Janus, 1989).

I
1

I
-

i . . >' - i
. H • i- a monopln

letic group with moderate support (bootstrap =

85%. 10 substitutions; Fig. 5). The occurrence of

the hamamelid/Saxifragales clade as an indepen

dent lineage within the core eudicots has been re-

ported in aiiah-o- thai include a broad -ample of

eudicots (e.g., Rice et al., 1997). Alternatively, the

hamamelids/Saxifragales have been resobed as sis-

ter to a largely rosid clade (e.g.. Chase et al., 1993;

Soltis et ah, 1997). Most elades within the hama-

i In I
-

i ii i . ill II ide lie pool l\ support, d

(bootstrap < 70%; Fig. 5). The only elades with

icaable siripo-l a-e lh^,">'»:r-! I l-U"'i>»-!,^l( •< \

II i ii i ii. I d i. I \ ' >, ,
>'

( Mlmgiaceae). and I'amtuulllalorniiis.



The analyst's presented here were designed to

r\|)loie lli.' pattern of phylogenetic relationships at

the base of the eudieot elade. Data from rbcL, atpB,

and li'.s genomic sequences were analyzed inde-

pendently and in combination to provide an as-

sive representation of previously id<-nlilied basal

endieot ta\a, as well as selected rcprc-entalix e- ol

more <lerived chides. Because phylogenetic pat-

terns .111 ^, major angiospoi m lineages and tin sis

ter group relationships lor the endieot chide arc riot

yet resolved, the outgroup comprised a taxoriomi-

call\ broad -clcd i. m ol inagtiolnd I ineages, includ-

ing herbaceous and vvoodv representatives. Analy-

ses in which different magnoliid taxa were used as

outgronps documented the stability of ingroup phy-

logenetic patterns.

Analyses of rbcL, atpH, combined rbclJatpH, and

combined rbcUatp\M\8S sequence data support the

previously detected basic structure of the eudieot

elade. wild the rarinneulid chide (I'apav eralos and

Ranuneulales) forming the sister gioup lo all other

cudicots ("lowei" hainaruelids phis .ore eudicots).

Within the "Iuvm-i" hamamelid/. ore <u. ! i< -1 clad,

several independent lineages. mostly of "lower"

jor elade, the core eudicots. The core eudicots in-

clude taxa of Caryophyllidae, Dilleniidae, Rosidae,

and \steridae. a- well as some additional genera

of "lower" Hamamelididae. The use of placeholders

to represent the ranuneulid t lade did not have any

major effect on the pattern of relationships among

the remaining basal eudicots.

Among previously suggested phylogenetic pat-

terns that were confirmed bv this study are: the

placement of EupU-lea within the ranuneulid . lade;

the close relationship of Berberidaceae lo U.muii

cola, cac rathe, than Papavorales; the inclusion of

\clumho w ilhiii the eudieot elade and its placement

among the lineages ol the "lower" hauiainehd

grade; and the detection of major . ar\ ophyllid, as-

terid, and rosid clades within the core eudieot

elade. A result th.il emerged in other phylogenetic

anaKses. but win. h is not uuivcisallv supported, is

the presence of a hamamelid rosi. I chide ihatna-

melids/Saxifragales, Fig. 6) separate from more d.

ri\e,| i. .si. Is. lorming an independent branch within

the core eudieot elade. The sister-group relation

ship of Duhmrics with buxaoeae and the close re-

lationship ol Simmondsia with Caryopln llahs. both

of which had been suggested previously based on

traditional analvs,, ,,| morphological evidence, are

strongly supported b\ our molecular results.

Mthoiigh tins slii.K iirmides considerable infor-

mation about ph\ logon -tic patterns at the base of

the eudieot chide, i-su. s
I h.ii still require resolution

include: the pla. omcnl ol Sabiaeeae among the

basal eudieot lineages; whether the hamamelid/

Saxifragales elade is part of the main rosid .hide

or constitutes an independent lineage within the

core eudicots; and the monophyletic status of the

llaniamcli.laccac (sciimi Kndress. 1989a).
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